The aim of this study was to investigate whether single nucleotide polymorphisms (SNPs) in the regulatory regions of the apolipoprotein E (APOE) gene modify the well-established 14-associated risk for Alzheimer's disease (AD). Sequencing of the APOE gene regulatory regions revealed four previously reported promoter SNPs and one novel SNP in the previously described macrophage enhancer (ME.1). In addition, we also studied the two classic allelic missense SNPs that define 12/13/14 status in a case -control association study. Analysis of pair-wise linkage disequilibrium (LD) of the five regulatory region SNPs with classic APOE SNPs revealed a previously unreported 7 kb LD block covering the entire APOE gene, part of the promoter and 3 0 enhancer region. We report here that in a case -control association study (N 5 719) of the seven SNPs, the genotype at codon 112 captures all the information required to assess disease risk. To explore correlations with quantitative traits, 169 patients were studied in whom rates of cognitive decline were available. In addition to the 14 allele, two regulatory region SNPs were associated with the rate of cognitive decline in AD patients. This study highlights the effect of APOE gene variation on risk of AD and rate of cognitive decline and demonstrates that a single SNP, which confers 14 status, captures all of the risk of developing AD but two SNPs in the regulatory region may affect the rate of cognitive decline in AD patients.
INTRODUCTION
Familial early-onset Alzheimer's disease (AD) accounts for 5 -10% of AD cases and most can be explained by inheritance of known mutations in amyloid precursor protein (APP) and presenilins (PSEN) 1 and 2 genes in an autosomal dominant fashion (1) . The remaining AD cases are associated with a later age at onset and represent 'sporadic' AD, although these sporadic cases may also have a significant genetic component. Several genes have been implicated as potential candidates for this late-onset AD (LOAD) but the apolipoprotein (APOE) gene is the only one to date that has been replicated in numerous studies (2 -4) . The protein exists in three major isoforms apoE2, apoE3 and apoE4 that arise from three APOE alleles: APOE 12, APOE 13 and APOE 14 as a result of two missense single nucleotide polymorphisms (SNPs), rs429358 and rs7412, which result in amino acid changes at residues 112 and 158, respectively (5) . More detail on these two SNPs is shown in Table 1 . Henceforth in this manuscript, these two polymorphisms are designated 112 and 158. Approximately 50% of LOAD cases are accounted for by individuals possessing the APOE 14 allele (3), although possession of this allele is not essential for predisposition to the disease. Possession of this allele not only increases the risk of developing AD (lifetime risk increases from 20% when no APOE 14 alleles are possessed to 90% when two copies are present) but it also decreases the age at onset [mean age at onset for individuals with no 14 allele was 84.3 years compared with 68.8 years for individuals possessing two copies (6) ]. Interestingly, the APOE 12 allele is underrepresented in AD cases (7) and is associated with a delayed age at onset of AD (2,6) suggesting a protective effect (8) .
The APOE gene resides on chromosome 19q13.2 (9,10) and codes for the cholesterol transporter protein, apolipoprotein E (apoE), which represents the major lipoprotein within the CNS, where it is synthesized by astrocytes (11, 12) . It has been suggested that one role of apoE in the brain may be an involvement in neuronal homoestasis (13) , particularly, mobilization of cholesterol in the CNS, where it is required for neuronal plasticity (14, 15) . ApoE is also postulated to play a role in neuronal repair by mediating the recycling of damaged cell membranes (13) . Levels of apoE mRNA are increased in astrocytes following lesions to the entorhinal cortex (7) , one of the first areas of brain to be affected by AD (16) .
Although the APOE 14 allele confers a considerable risk for AD, not all individuals who possess this allele go on to develop the disease. This observation has led to the hypothesis that other genetic factors, possibly elsewhere within the APOE gene, may contribute to disease risk. One potential area of interest is the promoter region. To date, four promoter SNPs have been identified at positions -491, 2427, 2219 and þ113 base pairs relative to the transcription start site (17 -20) .
The -491A/T polymorphism has been associated with an increased risk of developing AD independently from the 14-associated risk (18, 21, 22) . The -427T/C, 2219 T/G and þ113G/C polymorphisms have also been associated with an increased risk for AD (21, 23, 24) , although confirmation of these findings has been limited possibly due to the strong linkage disequilibrium (LD) with the 14 allele.
Functionally, these promoter SNPs have been proposed to affect the transcriptional activity of the gene in both the periphery and the CNS due to altered binding of nuclear proteins (13) . Taking 2491A, 2427T and 2219T as a reference haplotype, an A to T subsititution at 2491 resulted in a 63% decrease and a T to G substitution at 2219 resulted in a 169% increase in APOE promoter activity in HepG2 liver cells (17) and similar effects were reported in astrocytoma cells (23) . The T to C substitution at 2427 had no effect on promoter activity (17) . Differential protein binding was observed for both 2491 and 2219 polymorphisms. The 2491AA genotype is also associated with raised apoE protein levels in neuropathologically normal individuals (25) . Since the risk of sporadic AD is associated with increased levels of apoE in plasma (26) , it is possible that promoter polymorphisms could contribute to risk by increasing APOE expression.
In addition to the 5 0 proximal promoter (27 -32) , other control elements for APOE gene expression have been reported in the 3 0 flanking region of the gene. The functional peroxisome-proliferator-activated-receptor gamma response element (PPRE) is situated 2 kb downstream of the APOE gene (33) , whereas a macrophage enhancer (ME.1) can be found 1.3 kb further downstream (34 -36) . The role of potential SNPs in these regions on APOE gene expression and any association with AD has yet to be determined.
In this paper, we report a case -control SNP association study of regulatory region SNPs in the promoter and ME.1 enhancer element as well as the established AD riskassociated missense SNPs. We also examine the effect of APOE SNPs on cognitive decline by non-linear mixed effects modelling.
RESULTS

SNP identification
In addition to the previously described promoter SNPs [2491 rs449647, 2427 rs769446, 2219 rs405509 (17) and þ113 rs440446 (20) ], one novel SNP was identified in the ME.1 region at position þ7203 from the start of the APOE gene (Fig. 1) . No SNPs were identified in the PPRE. The adjacent sequences for all SNPs and their minor allele frequencies are shown in Table 2 . All SNPs had a minimum minor allele frequency of 5% during the mapping of 88 alleles. Since the genotypes for missense SNPs, 112 and 158, were already known for these samples, TaqMan assays were designed for the remaining five SNPs and genotyping was performed in the total 719 individuals. All polymorphisms were in Hardy -Weinberg equilibrium in controls and AD patients.
Haplotypes of the APOE gene
Using the five regulatory region SNPs, seven common haplotypes were identified, which accounted for over 86% APOE variation in controls (Table 3) . Haplotypes are also presented for cases and controls in the total data set (Table 4) using the five regulatory SNPs plus the two SNPs that define 12/13/14 status. Ten common haplotypes (frequency .2% in controls) were apparent, of which, only one represented the 12 genotype (H1). This haplotype showed a trend for increased frequency in controls (4% in controls compared with 2% in AD patients) but was not statistically significant (P ¼ 0.32) Seven haplotypes (H2 -H8) represented the 13 genotype. H2 and H3 were strongly protective (P ¼ 2 Â 10 206 and 5 Â 10 205 , respectively), whereas the remaining five 13 haplotypes (H4 -H8) were at best marginally protective or neutral. Two haplotypes (H9 and H10) represented the 14 genotype, both of which were at a statistically significant increased frequency in AD patients compared with controls (P ¼ 3 Â 10 203 and 2 Â 10 214 , respectively). The statistically stronger association of H10 with AD than H9 is likely due to the higher frequency of the haplotype rather than a modifying effect of the regulatory SNPs on 14 status. However, the numbers of 14-positive controls are limited and studies with a larger data sets will be able to directly address this issue. In particular, an LD block (all D 0 . 0.40) can be observed in the 3 0 7 kb region that includes SNPs -219, þ113, 112, 158 and ME.1 in both controls and AD patients. This LD within the APOE gene confounds attempts to differentiate potential promoter associations from the highly significant 14 effect.
Single SNP associations
As expected, the 14 effect was strong in this data set; OR for possession of one copy of the 14 allele was 4.6 (95% CI 3.3 -6.3) and for possession of two copies was 12.5 (95% CI 3.8 -40.7). Chi-squared tests of allele frequency versus disease status identified 112 as the major disease-associated SNP in the total data set ( Table 5 ). The cytosine (C) allele at this locus (possessed by 14 bearers only) is the major risk 
ND signifies not determined, as these data were already available from previous studies. Association of the other five SNPs examined in this study also showed relatively weak associations when compared with 112 in the total data set (Table 5) . Although, four SNPs (2491, 2219, þ113 and ME.1) resulted in P , 0.05, because of the strong LD of these SNPs with 112 and 158, it cannot be assumed that these are independent associations without correcting for the 14 effect.
Correcting for the 14 effect
In this study, we have used two approaches for determining 14-independent associations. First, we split the data set by possession of the 14 allele, resulting in two separate subsets; those individuals who possess no 14 allele and those who possess one or two copies. Table 5 shows the minor allele frequency of the seven SNPs in non-14 individuals and 14 bearers. Since non-14 individuals always possess a T allele at 112, this SNP was not included in this part of the analysis. As shown in Table 5 , no other single SNP showed association with control or AD in non-14 individuals. The fact that 158 is not associated with AD in these individuals merely demonstrates that there is no significant difference in the frequency of the C allele (representing 13) between non-14 controls and non-14 AD patients.
The allelic association of 112 and 158 with AD also disappeared in 14 bearers (Table 5 ). The number of C alleles at 112 in 14 bearers is a direct measure of the number of 14 homozygotes and there was no significant difference in the frequency of the C allele between 14-bearing controls and 14-bearing AD patients. Likewise, the lack of association of 158 indicates that there is no significant difference in the number of 12/14 individuals in 14-positive cases and controls. Two promoter SNPs demonstrated weak associations in 14 bearers: 2491 (T allele demonstrated 16.0% frequency in controls compared with 8.5% in AD, P ¼ 0.016) and 2219 (T allele demonstrated 63.6% frequency in AD compared with 54.1% in controls, P ¼ 0.05). The finding that the T allele at 2491 has a protective effect in 14 bearers is in agreement with previous studies (18, 21, 22) . However, this approach has limited power to detect associations due to the reduction of sample size and the relative lack of 14-positive controls (N ¼ 75) compared with 14 AD patients (N ¼ 225).
In addition, we have used a second approach, genotype logistic regression, to examine the OR of developing AD for each SNP while adjusting for the covariates 112, 158, gender and age at onset (AD patients) and age at examination (controls). This approach has the advantage of using the total data set resulting in greater power to detect an association and hence is likely to reveal effects that are not with the above analyses. As shown in Table 5 , all SNPs except 2427, demonstrated a significant association with AD when analysing each SNP independently but only 112 remained significant when correcting for covariates (OR 4.65, 95% CI 1.38-15.67). This suggests that the association of 2491 and 2219 reported in 14 positives could be an artefact due to the low number of 14 positive controls.
Association of APOE SNPs with cognitive decline
Here we used cognitive decline as a quantitative trait in AD patients, thus refining the phenotype. As has been previously described (37) , cognitive decline data are more suited to a non-linear model rather than linear. We examined the effects of APOE SNPs on age and rate of cognitive decline using this previously described non-linear mixed effects model. Since there was no significant difference in age at midpoint of decline or rate of decline between males and females in this data set (data not shown), no corrections were made for gender in this study. Age at which patients reach half the asymptotic score is determined by the relative position of curves along the x-axis. The rate at which patients' cognitive decline falls from three-fourths to half the asymptotic score is determined by the slope of the curve. As shown in Figure 3A , there were no significant effects of the classical APOE genotypes on age at midpoint of cognitive decline but a strong effect of the 14 allele was apparent on the rate of decline. 14 homozygotes showed a significantly faster rate of decline (1.26 years to fall from a score of 71.27 to 47.5) than wild-type 13 homozygotes (1.62 years, P ¼ 0.002), whereas individuals with 1213 or 1314 genotypes showed no significant difference. In the next stage of analysis, we added the five regulatory region APOE SNPS to the model (Fig. 3B -F) . Although no SNP had a significant effect on the age at midpoint of cognitive decline, þ113 and ME.1 demonstrated significant genotype-specific effects on rate of cognitive decline. For the þ113 SNP, the GG genotype demonstrated significantly faster cognitive decline (1.45 years) than the reference GC genotype (1.68 years; P ¼ 0.04). For the ME.1 SNP, the TT genotype demonstrated significantly faster cognitive decline (0.94 years) compared with the reference CC genotype (1.49 years; P ¼ 0.0005). The ME.1 SNP therefore demonstrates the strongest association of any SNP in the APOE gene on rate of cognitive decline. In an attempt to correct for 14 status on the effect of þ113 and ME.1 SNPs on cognitive decline, the data were split into 14 positive and negative patients; however, it must be noted that this approach reduces the power as the sample numbers decrease. Nevertheless, when the modelling was repeated on these data sets, the þ113 effect was seen in both 14-positive and -negative patients with the effect on rate of cognitive decline strengthening in the 14-negative patients (P ¼ 0.0002; data not shown). The ME.1 effect became non-significant in both 14-positive and -negative patients. These data suggest that the þ113 effect on cognitive decline appears not to be dependent on 14.
DISCUSSION
Here we report an investigation of seven SNPs within the regulatory and coding regions of the APOE gene, providing a detailed report of their LD, a large AD case -control study and quantitative trait analysis of cognitive decline in AD patients. The fact that possession of the 14 allele is not essential for predisposition to the disease has led researchers to believe that other risk factors are yet to be discovered, possibly in the APOE gene itself. However, the strong LD within this region has, in the past, confounded attempts to identify susceptibility alleles other than 14. Of the seven SNPs studied, only frequencies for 2219 (rs405509) and 112 (rs429358) are reported in the current version of HapMap (www.hapmap.org, data release 21a, phase II, January 2007) but all except the novel ME.1 SNP are listed in dbSNP (www.ncbi.nlm.nih.gov/SNP). Here we report a 7 kb linkage block stretching from the 2219 promoter SNP to the 3 0 macrophage enhancer region 4 kb downstream of the APOE gene using genotype frequency data generated in this study. When examining these SNPs in a case -control study, we revealed no association that exceeds, or is independent of, the previously reported 14-associated risk.
It is possible that by looking at such a hugely variable phenotype as AD, we lack the power to isolate promoter associations from the 14 effect. Here we demonstrate that splitting the data set into 14-positive and -negative individuals in an attempt to do so is insufficient for two reasons. First, this is ignoring the 14 dose effect that is apparent in such studies. Potential associations in 14 positives that have been reported in the past could merely be reflecting the effect of 14 homozygotes versus 14 heterozygotes. Secondly, the use of such small subsets for a hugely variable phenotype results in a significant loss of power to detect associations and the lack of 14 positive controls compared with 14 positive AD patients could shed doubt on positive associations reported in the 14-positive data set.
For these reasons, we examined the role of the APOE SNPs in a more refined AD phenotype of cognitive decline (N ¼ 169). Here we report an association of 14 homozygosity with a significantly faster rate of cognitive decline and a trend towards earlier age at midpoint of decline in AD patients, a finding that is consistent with previous observations (37) . These authors studied 218 AD patients and found that 14 associated with a faster rate and earlier decline. Interestingly, in another previous study, the APOE 14 allele has been shown to influence conversion of mild cognitive impairment to AD (38) . This study failed to find any evidence for an 14 effect on the rate of cognitive decline in AD patients. However, the cognitive decline data were partitioned into groups of fast and slow decline as oppposed to implementing non-linear effects modelling as conducted in our study.
Further to this effect, we found two regulatory region SNPs that were also associated with an altered rate of cognitive decline, one of which (þ113) demonstrated association in both 14-positive and -negative individuals, possibly indicating that it is not tracking with 14 status. This quantitative trait approach provides greater power than case -control studies and has indicated that regulatory region variation in the APOE gene may contribute to a faster cognitive decline in ORs and adjusted ORs of developing AD are given for genotypic associations in the total data set. Adjusted ORs allow correction for 112 and 158 genotypes, gender and age at onset. Significant associations are marked in bold and by an asterisk. N/A signifies not applicable; this SNP is used to partition the data into 14-positive and 14-negative individuals.
AD patients. The ME.1 SNP result exemplifies this point since, although its association with disease risk becomes nonsignificant after correction for confounders, the quantitative trait studies demonstrate that its effect on the rate of cognitive decline is readily apparent. It is interesting to note that all associations reported here for the APOE gene affected the rate but not age at midpoint of cognitive decline in AD patients. We have previously reported that possession of a GG genotype of an intronic SNP of the alpha-1 antichymotrypsin (ACT ) gene associated with a significantly earlier age at midpoint of cognitive decline than the other two genotypes at this SNP (39) . This demonstrates that SNPs in two AD candidate genes (ACT and APOE) affect different parameters (rate and age at midpoint) of cognitive decline. Further larger studies need to be conducted investigating these parameters in order to reveal any potential epistatic interactions between the APOE and ACT genes; currently, we do not have the power to discern these effects.
In conclusion, the results of this study demonstrate that the association of the APOE gene with AD can be captured by just looking at a single SNP (112), which defines carrier status for the 14 allele. This is in agreement with a recently published paper, which also alluded to the value of 112 as a 'tag' for AD risk (40) . The haplotype data again tracks with 14 status, and from the curent data, it would appear that the regulatory variants have at best minimal interaction with the 14 allele. It is likely that the previous associations reported for a number of other functional SNPs in the promoter area are due to the fact that they track with 14 status and as a result do not impart any additional information. However, when using cognitive decline as a quantitative trait to further refine the phenotype, association with APOE SNPs additional to 14 emerge.
MATERIALS AND METHODS
Patient samples
All subjects gave informed consent to be included in the study, which was granted approval by the local Ethics Committee. For the case -control association study, the 719 samples were obtained from two UK centres: University of Nottingham Brain Bank and Oxford Project to Investigate Memory and Ageing (OPTIMA), University of Oxford. Details of patient samples used in this study are as follows: 324 controls (162 males, 158 females, four with undocumented gender, mean age 75.3 + 9.4 years) and 395 AD patients (161 males, 227 females, seven with undocumented gender, mean age at onset 75.6 + 10.5 years). There was no evidence for population stratification in this sample set in a previous study (39) ; thus, the samples were pooled for all analyses. Samples were histopathologically confirmed as definite disease (AD) (N ¼ 310) or control (N ¼ 324) using CERAD criteria (41) . Probable AD patients from Oxford (N ¼ 85) were also included since there has been 100% concordance between patients diagnosed with probable AD and confirmation of the disease post-mortem (N ¼ 34) (42) . All patients with evidence of an autosomal dominant AD trait, or where a first-degree relative had been diagnosed with familial AD, were excluded.
PCR and automated sequencing
Genomic DNA was extracted from whole blood or brain tissue using the QIAamp DNA blood mini kit (Qiagen, Crawley, West Sussex, UK) following manufacturer's procedure. All amplification protocols were performed with an annealing temperature of 608C; primer sequences are shown in Figure 1 .
SNP identification
Forty-four samples were used to identify common SNPs (minor allele frequency .5%) within the APOE gene by sequencing known regulatory regions (promoter, 3 0 PPRE and 3 0 ME.1 enhancer region). This approach has 99% power for the detection of polymorphisms that are present at a frequency of !5%. Potential polymorphic sites were identified by multiple sequence alignment using ClustalW software. Polymorphisms were confirmed by repeat PCR and sequencing of the opposite strand.
Genotyping of polymorphisms
All 719 samples were genotyped at five sites using fluorescently labelled TaqMan probes (Vic or Fam) by Geneservice (Cambridge, UK). Fifteen percent of the samples assayed were of known genotype, determined by sequencing, and 10% were genotyped in duplicate as quality assurance measures. The data were only accepted when there was 100% concordance between duplicate samples. The two APOE allelic SNPs, 112 and 158, were genotyped by RFLP using a previously described protocol (43) . Samples in which genotyping failed at more than three sites were not included in the analyses. For each of the SNPs, the failure rates were as follows; 2491:4.6%, 2427:7.2%, 2219:4.0%, þ113:4.3%, 112:2.8%, 158:3.1% and ME.1:3.1%.
Haplotypes, linkage and case -control association
The five regulatory region SNPs were used to estimate the haplotype frequencies found in controls and AD patients using the haplo.em function of haplo.stats v1.2.2 in the R programming language (44) . This method utilizes a maximum likelihood analysis approach, which we have previously used (39) . LD measures were calculated using haploview software (www.broad.mit.edu). Chi-squared tests and multivariate binary logistic regression of individual SNPs with disease status were performed using Statistical Package for Social Sciences (SPSS) v12.0.1.
Association of APOE SNPs with cognitive decline
Cognitive scores were obtained using the CAMCOG score system (45) . In two previous studies using samples from the same OPTIMA collection, the CAMCOG score data could be fitted using a non-linear mixed effects model (37, 39) . Analysis of the CAMCOG data in this study was performed using the same methods. Briefly, we used a three-parameter logistic (S-shaped) function: CAMCOG ¼ asymptote/{1 þ exp[(age 2 xmid)/scale]}. The asymptotic score was set at a CAMCOG score of 95, in common with the previous work.
The xmid parameter is the age at which patients reach 50% of the asymptotic score (CAMCOG ¼ 47.5) and scale is the time taken to fall from three-fourths (CAMCOG ¼ 71.25) to half the asymptotic score. We first modelled the interactive effects of age with 12/13/14 status (fixed effects) upon the xmid and scale parameters. Random effects were also included for xmid and scale, recognizing that different patients will obtain a score of 50% of the asymptotic value at different ages and fall from three-fourths to half the asymptotic score at different rates. We then modelled the five regulatory region SNPs using a similar model. The model was implemented using the non-linear mixed-effects function 'nlme' of the nlme library v3.1-77 in the R programming suite (46) . P-values for the effect of each genotype compared with a designated reference genotype were obtained for each SNP. In the case of 12/13/14 status, this was the wild-type 1313 genotype, and for the five regulatory region SNPs, it was the most frequent homozygous genotype. Genotypes present in less than 10 individuals were excluded from the study.
